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ABSTRACT
A STUDY OF THE DURAB ILITY IN CLASS -M CONCRETE DUE TO CHLORID E PERMEABILITY

AMELIA RILEY
The service life of reinforced concrete structures is dependent on the integrity of the steel
within the concrete. Over time, due to exposure, chloride and other minerals can penetrate the
concrete. Once these materials get to the reinforcing steel, the chloride and oxygen start to corrode
and deteriorate the steel. This deterioration will cut the service life of a bridge down dramatically. To
prevent this, the permeability of concrete was studied to determine the service life of one of the new
Class-M concretes and a Self-Consolidating Concrete (SCC) mix designs; both developed to produce
higher quality concrete.
This paper looks at the previous research done into the cementitious replacement of slag and
SCC’s effect on permeability. A replacement of cement with 50% slag was used to create the slag
concrete, and a 9% addition of silica fume was used for the SCC concrete. During this study, three
different concrete mix designs were included, concrete with 50% slag replacement, an SCC, and an
ordinary Portland cement (OPC) concrete. The permeabilities of these three concrete mixes were
tested using three different methods. A ponding experiment, which allows salty water to slowly
penetrate concrete samples, the Rapid Chloride Penetration Testing, which uses current to push
chloride through a concrete sample, and lastly, a Virtual RCPT method, which is a computer model
that uses the mix design quantities to predict the permeability of concrete. The diffusion chloride
coefficients of the concrete were obtained. These results were then used with the Life 365 software
and a NIST service life prediction model to predict the service life of each concrete mix design. The
results show that OPC has a service life in the range of 16-22 years. Slag has a service life range
between 47-48.5 years, and SCC has a range of 60-252 years. This shows that OPC has the lowest
service life range when looking at chloride permeability and that SCC produces the largest service
life.
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CHAPTER 1: INTRODUCTION
The United States sees a vast variety and severity of the weather. In Northern states, ice is a
problem treated with brine, rock salt, calcium chloride as well as other types of chemicals. Sodium
Chloride, found in many de-icing systems, will penetrate the concrete at a steady rate and is observed
through two commonly used methods. The first, ponding, was the traditional method of
determining the penetration of sodium chloride through concrete. The technique is slow to receive
data, and the testing can be time-consuming. The second method, rapid chloride penetration testing,
RCPT, was developed to speed up the process of chloride penetration by using a voltage to force a
sodium chloride mixture through the concrete. This procedure also allows for precise distribution of
sodium chloride through silver nitrate testing. The distribution is an advantage over ponding which
shows a step distribution. The rate of permeability in both methods is used to predict the durability
of concrete. The two methods are not usually done at the same time, due to the longevity that
ponding takes. They are also not typically compared since ponding produces a chloride
concentration and RCPT produced a total passed charge. However, in 2007 Dale P. Bentz, released
a paper and program that created a virtual immediate chloride permeability test that should be
comparable to the relationship of different concrete produced in both ponding and RCPT.
This literature and preliminary review aim to understand the permeability and durability of a
new Class M concrete. The new Class M concrete is a class of concrete that is still being developed.
The new Class M concrete is produced to decrease the thermal heat produced during the hydration
of concrete. This benefit allows concrete to hydrate at a lower core temperature. For large concrete
members, lower core temperature is crucial since the difference between ambient temperature and
core temperature can create thermal cracking along the edges and corners of concrete members.
Ultimately, this new class of concrete will reduce cracking in the first twenty-four to forty-eight
hours of hydration. A Class M concrete will save money and time, as it eliminates the need for the
thermal framework in many cases. All aspects of a new concrete must be understood to predict how
it will perform short term as well as long-term. Not only is the concrete a concern but its ability to
protect the interior reinforcement will determine the longevity of any reinforced concrete structure.
Most structures use some reinforcements, and it’s paramount that they can sustain the predicted
structural strength and stability over estimated service life.
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CHAPTER 2: OBJECTIVE AND SCOPE
A literature review of the effect cementitious substitution, in concrete, has on permeability
and durability was conducted. The review covers varying water-cement ratios and percentages of fly
ash and slag substituting. A study of the ASTM testing methods was performed so that the best
methods of preparations and testing were used for measuring the characteristics of concrete. The
literature review lays the groundwork for this research.
The objective of this research is to observe and determine the chloride permeability through
ponding, rapid chloride permeability testing, virtual rapid chloride permeability testing, and silver
nitrate testing. Ordinary Portland cement mixture was compared to a new Class M slag concrete
mixture as well as a self-consolidation concrete mixture. The relationship between the types of
concrete for both ponding and rapid chloride testing were compared to the virtual test.
The scope of the research covers durability directly related to the permeability of chloride in
all three concrete mix designs. The results are specific for the three mix designs, an ordinary
Portland cement concrete, a 50% slag replacement concrete and a 9% silica fume replacement. The
chemical composition of the OPC, slag and silica fume concrete were kept constant since variations
of their composition can affect the permeability. All the chemical admixtures were also kept
constant through the research, and adjusting the admixtures can also alter the permeability.
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CHAPTER 3: LITERATURE REVIEW
3.1 SUPPLEMENTARY CEMENTITIOUS MATERIAL (SCM)
Supplementary cementitious materials (SCM) are used with Portland cement to create a
better cementitious material. SCM changes concrete hardening properties through pozzolans and
hydraulic materials. Pozzolans are a class of siliceous or siliceous and aluminous materials. With the
addition of water, these materials have little to no cementitious benefits. However, when pozzolans
are finely divided, they can create a reaction between calcium hydroxide, from the ordinary Portland
cement (OPC,) and silicic acid which produces a product of calcium silicate hydrate.
Equation 1: Ca(OH)2 + H4SiO4 → CaH2SiO4·2 H2O

Pozzolanic reactions take a long time to be completed and must have ample amounts of free calcium
to continue to develop. The reaction is irreversible and can be dated back to the Ancient Romans
who used this process in the creation of their concrete structures, most notable still standing is the
Pantheon, more modern examples of pozzolanic reactions include the reaction of slag with OPC.
Cement and SCM's that react to the water in the concrete mixture produce mineral hydrates,
which are then stable and non-water soluble. These reactions are referred to as the hydration process
of concrete. The most common of these reactions are OPC and fly ash. OPC has more than five
different materials that go through the hydration process,
Cement Compound
Weight Percentage
Chemical Formula
Tricalcium silicate
50 %
Ca3SiO5 or 3CaO.SiO2
Dicalcium silicate
25 %
Ca2SiO4 or 2CaO.SiO2
Tricalcium aluminate
10 %
Ca3Al2O6 or 3CaO .Al2O3
Tetracalcium aluminoferrite
10 %
Ca4Al2Fe2O10 or 4CaO.Al2O3.Fe2O3
Gypsum
5%
CaSO4.2H2O
Table 1: Composition of Portland cement with chemical composition and weight percent. 6

the most common is the reaction of tricalcium silicate with water, which results in the production of
calcium silicate hydrate, calcium hydroxide, and heat, the reaction shown below.
Equation 2: 2 Ca3SiO5 + 7 H2O ---> 3 CaO.2SiO2.4H2O + 3 Ca(OH)2 + 173.6kJ

The reaction time for SCM is based on the fineness of the material, the finer the material, the faster
the reactions, and the ratios of water-cement and cement-SCM. Both ratios have been studied to
create the optimal mixtures for each SCM.
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3.2 POROSITY
Porosity in concrete is inversely proportional to the density of concrete and directly
proportional to the permeability. The porosity of concrete is made of two different types of pores;
capillary pores and pores created by air voids. Capillary pores are created from water particle's
position and movement in concrete. Capillary pores take up most of the voids, and range on average
from 10nm to 50nm for low water ratios and can be as large as 5μm for high water ratios. Air voids
are composed of both entrapped as well as entrained voids. Entrapped voids are created through the
concrete mixing process and should be minimized if concrete is mixed properly. Entrapped voids
have a large range of size and can be as large as 3mm, while entrained voids are on average 50μm to
200μm. Entrained voids are created on purpose to create the proper size and distribution of air
voids. ASTM C457 states the ideal air-void content and the paste-air ratio for different aggregate
sizes in concrete. These voids allow water from the capillary pores to move or expand when freezing
or under pressure, without cracking the surrounding concrete.

Table 2: Minimum Area of Finished Surface for Microscopical Measurement (ASTM C457)

Figure 1: Explanation of why we have entrainment pores. (Air Entrainment versus Air Entrapment, 2012)
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Air voids and thus porosity is affected by the water to cement ratio of a concretes mix. Due
to the area needed to hold the water during the hydration process, the increase in water will increase
the number of capillary pores. However, the water to cement ratio is not uniform throughout the
concrete. Water films form around the large aggregate, creating more substantial amounts of
capillary pores near the large aggregate.
As concrete goes through hydration, both capillary and gel pores will see a decrease in both
volume and pore size, due to the formation of by-product created through the hydration process. To
produce the optimal hydration during curing and to create the densest and thus strongest concrete,
factors like temperature, time and moisture should be maintained. To keep additional pores from
forming during the placement of concrete, fresh concrete should be compacted through rodding.
This process will decrease the amount of water needed for hydration, which will create less capillary
pores.
Admixtures are added to a concrete mixture for multiple reasons. Some admixtures like
water reducers and water retarders aid in the placement of concrete. Water reducers lessen the
amount of water needed, thus reducing the amount and size of capillary and gel pores found in the
concrete. Water retarders will also decrease porosity, although smaller than that of water reducers.
Other admixtures include cementitious material replacements; these include slag, fly ash and
silica fume. The testing and literature review done in this lab aims to figure out by how much do
cementitious replacements effect the permeability of the mass concrete, looking at the porosity can
indicate a predicted pattern. The theory is that due to the smaller size of the particles making up the
cementitious material, voids within the mixture can be partially filled. Due to this, the porosity
should be decreased with the admixture of cementitious material substitutes.

Figure 2: Representation of the benefit of using a partial slag replacement. (Lafarge at a Glance, 2015)
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3.3 SLAG CONCRETE
3.3.1 HISTORY
Slag is a by-product of the steel industry. It's created when metal is smelted from the raw
ore. In the process of steel, slag is produced when molten steel is separated from the impurities of
the steel-making furnaces. This process takes place when a lance is lowered into molten steel, and
high-pressure oxygen is pumped into the steel, which combines with the impurities in the steel.
These impurities can then be mixed with lime and dolomitic lime to form steel slag. There are
different grades of steel slag produced, low, medium and high grade, each specifying a level of
carbon found in the steel. The steel slag is mostly used for concrete; for this use, the slag must be
left exposed to the elements for months so that it expands before it is used in concrete.
In many areas, slag is a by-product of the steel industry that can be easily accessible. In
those areas, slag is an obvious substitution. It not only eliminates a harmful by-product but it also
allows a cheaper alternative to cement, that not only makes the concrete less expensive but can also
increase compressive strength long term. In areas in which slag is not easily accessible, it would need
to be shipped in, which would make a slag substitution a more expensive alternative.
The use of slag to make concrete was first used in the 1700's to make mortars.10 The firsttime slag concrete was used in the United States was in 1896, when it was used as part of the mix for
ordinary Portland cement.10 It wasn't until 1980 before slag was considered a product in the United
States, and was produced by Sparrows Point in Maryland.10
3.3.2 MIX DESIGN
The mix design used to create the Slag specimens in this research contains a 50%
cementitious replacement.

Water-cement Ratio
Large Aggregate
Cement
Slag
Fly Ash
Silica Fume
Air Content
Slump

Expected
Actual
0.40
0.422
#57 Limestone
50%
50%
0%
0%
7%
8%
7 in
7.6 in

Table 3: Mix Design for Mass Concrete with 50% Slag replacement.
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3.4 SELF CONSOLIDATING CONCRETE
3.4.1 HISTORY
Typical concrete placement can leave voids and poorly settled concrete. Figure 3,
demonstrates multiple examples of poorly placed concrete. A solution to this issue can be the
placement of self-consolidating concrete, also known as self-compacting concrete. A mixture of
SCC will flow easily and allow the concrete to fill all of the corners and spaces around rebar,
eliminating many impurities and voids.

Figure 3: Disadvantages of ordinary concrete placement.13

SCC got its first start with the creation of underwater placement, in which concrete needed
to be able to flow out and completely cover, a sometimes, unseen area. From the development of
underwater tremmy mixes, paired with the largely noticed problem of deteriorating concrete
structures, and new developments of chemical admixtures, a push for SCC was made. SCC was
develioed by the University of Tokyo in Japan in 1988.34 The first standards were also developed in
Japan during that time period, which was followed with a European developed standard in 2005.35
SCC was used in North America for almost exclusively reconstruction purposes until it
became popular for precasting fabrication. This continued, and in 2007 the American Concrete
Institute released a guideline on the process and testing of SCC, now also covered in the ASTM
codes. ASTM codes show that SCC need not only the air testing of typical fresh concrete mixtures,
but also the testing of a J-Ring and spreading testing, to show the flowability of the SCC.
Although SCC was originally untrusted by most people in the industry, it has come a long
way. The initial belief was that a high slump was always a negative factor because it was an indicator
of a high water-cement ratio or a low strength. Industry workers weren't sure how to test the
strength of the SCC and were weary about how well it could withstand over time. These problems
were paired with the high initial cost of production, to create an overall resistant industry. Due to a
large amount of research, the development of codes, guidelines, and new testing methods, SCC has
become increasing popular in recent years.
SCC can create possible economic savings, long term, because SCC takes less work to place
and is also faster to place than traditional concrete which needs to be rodded and vibrated at
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different levels. SCC is also more aesthetically pleasing due to the smooth and less flawed surfaces
created from the flowability. However, the largest advantage of SCC is its more consistent
placement.
3.4.2 MIX DESIGN
The mix design used to create the SCC specimens is described below.

Water-cement Ratio
Large Aggregate
Cement
Slag
Fly Ash
Silica Fume
Air Content
Slump Spread

Expected
Actual
0.351
0.35
#67 Limestone
91%
0%
0%
9%
5.50%
8%
21 inches
29 inches

Table 4: SCC Mix Design used in casting.

3.5 ORDINARY PORTLAND CEMENT
3.5.1 HISTORY
Ordinary Portland cement (OPC) is commonly referred to as concrete that has 100% of its
cementitious material coming from Portland cement (PC). ASTM defines PC or cement as “a
cement that sets and hardens by chemical reaction with water and is capable of doing so under
water.” 33
PC was first created in 1824 by Joseph Aspdin from natural cement in England.38 The name
comes from the fact that the cement looks like Portland Stone, which was mined from the Island of
Portland in England.38 Through the years, PC became more of what we know it to be today mostly
due to the development of calcium silicates, which is needed to produce today's PC, and the rotary
kiln, which allowed a more homogeneous mixture. The first regulations for OPC were produced by
John Grant for use in 1859 for the London sewer project on the south side of the river Thames.39
PC was mostly imported into the United States until the late 19th century, in which the American
made PC became comparable to the imported PC.40
In today's world, the two standards for PC are European #N 197, used worldwide and
ASTM C150, used in the USA. ASTM classifies PC into five categories, Type I, Type II, Type III,
Type IV and Type V. Type I is known as general cement or common cement. Type II gives off
slightly less heat during hydration and provides some defense against sulfate attack. Type III has a
higher early strength but close to or lower strength at six-months. Type IV cement produces the
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lowest amount of heat during hydration which makes the strength of the concrete produced slower
as well. Type V cement is developed to resist sulfate found in alkali soil and ground water.
3.5.2 MIX DESIGN
Ordinary Portland cement is the base form of concrete. For this research, it is used as the
controlled specimen to compare the replacement of slag at 50% and the addition of SCC. The
mixture used for OPC is described below.

Water-cement Ratio
Large Aggregate
Cement
Slag
Fly Ash
Silica Fume
Air Content
Slump

Expected
Actual
0.42
0.409
#57 Limestone
100%
0%
0%
0%
7%
7 in
7.6 in

Table 5: OPC mix design used in this research.

3.6 PREVIOUS RESEARCH
3.6.1 BILIR, TURHAN. “EFFECTS OF NON-GROUND SLAG AND BOTTOM
ASH AS FINE AGGREGATE ON CONCRETE PERMEABILITY PROPERTIES.”
When the cementitious material was replaced by slag (S) at different ratios and then tested
using RCPT, it showed a correlation between chloride permeability and percentage of slag. Shown in
Figure 4, the optimal percentage of slag, for permeability, is approximately 25%. When these results
are compared with the ASTM C1202-97, "S-10" and "S-50" are in the Low chloride ion penetrability
range and "S20-S40" are in the Very Low chloride ion penetrability range. Although a replacement
of 50% slag was not the optimal replacement, it still falls within an acceptable range of chloride ion
penetrability.
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Figure 4 Results from the RCPT testing on different ratios of slag concrete, done by Turhan Bilir. S series
stands for Slag, B series stands for Bottom ash and SB stands for Slag + Bottom ash, the water-cement ratio is
0.43.9

Table 6: Chloride Ion Penetrability Based on Charge Passed. 3

3.6.2 A STUDY OF THE BASIC ENGINEERING PROPERTIES OF SLAG
CEMENT CONCRETE AND ITS RESISTANCE TO SEAWATER CORROSION W.C. JAU AND D.-S. TSAY 1998
Tsay's (1998) research looked at the effect slag substitution had on the permeability,
strength, electrical resistance, concentration of chloride ions, corrosion potential and pore size
distribution. The permeability was done by submerging samples in salt water for one year. The
amount of slag replacement ranged from 0-50%, the age of the concrete ranged from 1-12 months,
and the water-cement ratio was 48% and 60%. The results showed that a slag replacement of 2030% created the lowest amount of permeability. Concrete with a lower water-cement ratio was
found to have lower permeability than the cement with a higher water-cement ratio. The younger
concrete also had more electrical resistance and higher chloride concentration at the same depth
when compared to the older concrete samples.
According to this research, the OPC concrete (0.48slag0) has a lower permeability rate than
slag samples with 50% (0.48slag50) replacement and 10% replacement (0.48slag10). However, when
slag is replaced with only 20% (0.48slag20) and 30% (0.48slag30), OPC had a higher permeability
rate.
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Figure 5: Results from W.-C. Jau1 and D.-D. Tsay’s research. (Tsay 1998) .

3.6.3 THE PORE STRUCTURE OF CEMENT PASTE BLENDED WITH FLY ASH
ZHUQING YU*, GUANGE YE, 2013
The addition of fly ash to concrete increased the amount of porosity in concrete samples,
thus increasing the permeability. Zhuqing Yu’s study used Mercury Intrusion Porosimetry (MIP),
Nitrogen Sorption/Desorption (NSD), Helium and Methanol Pycnometry to determine the porosity
of different samples. The samples had water-cement ratios of 0.4 and 0.5. The percentage of fly ash
included 0, 30 and 50% substitution. The time between casting and testing ranged from 1 to 730
days.

Figure 6: The relationship of curing time to porosity for different amounts of fly ash.15

The results show that for all ages, water-cement ratios and percentage of fly ash replacement,
the porosity is always higher with higher fly ash replacement.
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Table 7: Porosity percentages of different fly ash samples.15

3.6.4 SERVICE LIFE PREDICTION: THEORECRETE, LABCRETE AND
REALCRETE APPROCHES, ROBERTO J. TORRENT, 2013
This paper looked at the various methods of determining the service life of concrete. The
first method examined in this paper was the modelling through Fick's Law. Although these
equations can be debated on the accuracy, many models start with Fick's second law.

Equation 3: Fick's 2nd law solution to calculate the service life. (Torrent, 2013)

The next method examined was the Theorecrete, or SLP, method. This model used the
water-cement ratio as well as the amount of cementitious material to determine the service life of
concrete. This method, however, has a significant flaw in the parameter of the amount of cement.
When cementitious substitution is involved in a mix design the amount of cement or C parameter
becomes very unclear. This ambiguity is seen in the results created by using this method.
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Figure 7: Effect of cement characteristics and water-cement ratio on the K. parameter used in service life
predictions. (Torrent, 2013)

Due to this predicament, a K value was added to account for the variations in cementitious
admixtures.
The next method observed in this paper is the Life-365 Theorecrete method. This model
uses the same starting equation from Fick's law but uses a new comparison to obtain the D function.

Equation 4: Life-365 model’s proposed D function.28

This method is more conservative than the original Theorecrete method but still doesn't
consider other variables or the possible variability between the desired water-cement ratio and the
actual water-cement ratio of placed concrete.
A Labcrete method was observed that took the same beginning equation but produced the
D function from test results of chloride penetration testing. These predictions become more
accurate due to the consideration of corrosion, curing, and cover thickness factors that have been
added to the original equation. This model is more accurate than the Theoretical models but still
uses a theoretical cover thickness and uses a D function within a power law which is not proven to
be exact.
The last type of method reviewed in this paper is the Realcrete methods. These methods
consider not only the characteristics found in the Labcrete method, but they also emphasize the
importance of onsite non-destructive testing and measurements of the actual cover depth. This
model creates a D function that relates to the coulomb value found in penetrability equations. This
relationship can be used directly with RCPT test results, to see the service life of a concrete sample.
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Equation 5: D function created in the Realcrete methods. 28

3.6.5 ENHANCING THE SERVICE LIFE OF CONCRETE EXPOSED TO
CHLORIDE ATTACK, ZHENGTIAN SONG, 2014
Zhengtian Song's dissertation looks at not only the effect cementitious supplementation has
on porosity and permeability but also its impact on the service life of concrete. Song looked at and
categorized the different methods to determine service life into two categories. The first category
was Error Function Models with Constant D and Cs (ERFC), these models are the most common
and traditional methods. The second category is Numerical models, which also consider the binding
effect of chloride and the chloride contaminated or maintenance concrete structure. Table 8 is the
compiled comparison of the different model's characteristics.

Table 8: Description of different service life prediction models (Song, 2014)29

After comparing the different models, Song chose to focus on the Numerical models
because they looked at multiple factors, due to this many parameters needed to be selected. The
input parameters are the apparent diffusion coefficient (Da), surface chloride concentration (Cs), the
aging factor (n) and the critical chloride threshold level (Ccrit). Da describes the ability of chloride
ion penetrating through concrete. This parameter comes from the nonlinear regression analysis
method and creates a constant value from the chloride content profile observed from testing. Cs is a
time-dependent parameter that shows the speed in which the chloride content is applied to the
concrete. Three different Cs graphs have been created to cover the application of chloride. Cs-1 has
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the full Cs applied instantly, Cs-2 and Cs-3 have a linear increase of Cs over time of (tmax). The
difference between Cs-2 and Cs-3 is the slope of the linear rise of Cs which allows for a differing
time frame, Cs-2 being a ten-year increase and Cs-3 being a twenty-year increase. Ccrit is the amount
of chloride at the time that the steel inside of concrete has become corroded. This value should be
used in the time depended function of C to find the service life of concrete. The last parameter in a
numerical model is the n parameter which covers the aging factor of the concrete. These parameters
and their effect on service life are organized in the following table.

Equation 6: Equation to determine the Da parameter.29

Equation 7: Equation used to determine the service life.29

Table 9: Predicted influence on service life of concrete in the numerical model, based off the Cs, n and Da
parameters. (Song, 2014)

This dissertation covered the penetration of chloride in concrete using four different
methods. Method A is the Rapid Chloride Penetration Testing, method B used Rapid Chloride
Migration Testing, Method C used Multi-Regime Testing, the last process, method D used Natural
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Diffusion Cell testing. The testing's looked at multiple water-cement ratios, and mixes of
cementitious material., all results are shown in the following table.

Table 10: Chloride ingress measurements of concrete (cement content of 400kg/m^3).29

3.6.6 A VIRTUAL RAPID CHLORIDE PERMEABILITY TEST, DALE P. BENTZ
2007
Bentz research created a virtual instant Rapid Chloride Penetration testing (RCPT). His
method uses algorithms to produce the percentage of the three most essential ions, potassium,
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sodium, and hydroxide. The virtual results also use an equation that uses the water-cement ratio to
produce the log 10 D function which in this case is the diffusivity of the ionic species in the
concrete.

Equation 8: Bentz equation for the log10(D) function. (Bentz, 2007) 30

Equation 8 was developed and should be used for water-cement ratios of 0.3-0.5, a silica fume
replacement of 0.1 or less, an aggregate volume fraction ranging from 0.62-0.70 and a degree of
hydration between 0.6 and 0.93.

Table 11: Comparison between predicted and experiment permeability of different concrete designs. (Bentz,
2007)

These results indicate that the virtual RCPT program should show reasonable estimation of
RCPT based off the mix designs discussed in this research.
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3.6.7 MODELS FOR CHLORIDE INGRESS INTO CONCRETE- FROM
COLLEPARDI TO TODAY, LARS-OLOF NILSSON 2009
Nilsson's article looks at the development of the prediction model starting with Collepardi's
model from 1970 and ending with a current model of penetrability. Collepardi's model looked at an
error function solution to Fick's law to predict the penetrability of chloride ions. This model was
widely used for years until it was noticed that the diffusion coefficient D was not a constant variable,
but instead, a time-dependent variable, introducing the need for the D(t) function. This function has
been debated, and many versions of its calculation have been proposed.
Fundamentally, there are two types of models, the first being empirical which are modeled
around data and Fick's 2nd law. These models are not able to be adjusted for new mix designs and
new situations, but must instead be reintroduced to include unique situations. This problem is
because empirical models make many assumptions that are not universal amongst all concrete
samples. The other type of model is a physical model which accounts for many parameters, using a
flux equation, which makes it adjustable to new designs and situation. Physical models require many
input values from the material's characteristics as well as environmental characteristics. These
equations can be more challenging to complete but are useful in validating new empirical
calculations.
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CHAPTER 4: EXPERIMENTATION
4.1 CONCRETE PREPARATION
4.1.1 RODING
Following the ASTM C 192/C 192M – 02 rodding is done for cylinder specimens at each
level of concrete placement. Rodding is a process done by inserting a metal pole with a rounded end
into a freshly placed layer of concrete. Rodding is done multiple times, and the pattern should cover
the cylinder evenly, usually achieved by going in a circular pattern. Some procedures specify the
number of times each layer should be rodded, but twenty-five times per segment, is a standard
number. After a layer is finished being rodded, the mold should be tapped ten to fifteen times with a
rubber mallet. This standard is used for placing all concrete mixtures except for any selfconsolidating concrete mixtures. The other exception to rodding is when vibrating can be used as a
substitute.
4.1.2 AIR CONTENT
Per ASTM C231/C231M-17a all batches of concrete were tested for their air content. In
preparation for the testing, an air measuring set-up will be needed. These set-ups work with Boyles
laws to create a pressure reading of the chamber. The apparatus should consist of a cylindrical sixliter measuring bowl, and a top consisting of a pressure gauge, a pump, and petcocks, that can be
latched on.

Figure 8: Vertical Pressure Chamber for determining air content of freshly mixed concrete. 16

To start the test the apparatuses pictured above is rinsed off, and the measuring bowl is filled
one-third of the way with freshly mixed concrete, rodded twenty-five times and tapped. The second
and third layer is added and rodded in a similar way, with the only difference being that the later
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layers are rodded through their layer and one inch into the layer below them. The top of the
measuring bowl is leveled, and the rim of the bowl cleaned. The lid is then fastened on top of the
bowl, and the petcocks are opened. Water is added to one side through a water bottle inserted into a
petcock, and the water is added until it starts to come out of the other side. At that point, both
petcocks are closed, and the pump is used until the air gauge passes the desired pressure. Give the
side of the measuring bowl a sharp hit with the tapping mallet, then open the petcocks and give the
measuring bowl one more hit. The pressure gauge should make a jump, and the final reading will be
the air content of the sample.

Figure 9(a): Air content for the OPC.
Figure9(b): Air content for the SCC castings.

4.1.3 SLUMP
Slump spread testing is done following ASTM C1611/C1611M-14 for self-consolidating
concrete, and slump testing ASTM C143/C143M-15a for both slag and ordinary Portland cement
concrete. To conduct slump on SCC a sample of freshly mixed concrete will be placed, as one lift,
into an upside-down pre-wetted slump mold on top of a smooth pre-watered baseboard. After the
mold is filled, use a strike-off bar to level the top of the concrete and be sure to remove any
concrete around the base or on the baseboard. The mold will then be lifted, and the concrete will be
allowed to spread until it stops on its own. The diameter of the spread should be measured twice at
two positions perpendicular to each other. The average of these two values will give the slump
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spread of the SCC. For the test to be valid, the two diameters should not have a difference of more
than 50mm, and the test should be completed within a 2 ½ min time frame.

Figure 10: Slump Spread Test preformed on the SCC casting used in this research.

When conducting slump for OPC and Slag concrete, the fresh concrete is added to the
dampened mold in three roughly even lifts. Between each lift, the concert should be rodded twentyfive times. The bottom layer should be rodded through its entire depth. For the second and third
layers, the rodding should go through the layer as well as one inch into the layer beneath it. After
rodding the last layer strike off the top surface. The mold should then be lifted over a five-second
time frame. The mold should then be flipped upside-down and place next to the concrete pile. Take
the rodding bar and lay it on top of the mold protruding out and over the concrete pile. With the
use of a ruler or measuring tape, measure the height between the top of the concrete pile and the
rodding bar. This value in inches is the slump.

Figure 11: Slump Test results for OPC concrete casting.
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4.2 TESTING
4.2.1 STRENGTH-COMPRESSION
To test the compression strength of concrete, follow the ASTM C39/C39M. For this
process, concrete 6inx12in cylinders are cast. The cylinder molds are removed at twenty-four hours
and then placed in a water bath to cure. At intervals of 1day, 3days, 7days, 14days, and 28days, three
specimens are removed from the water bath and tested for strength. This process involves taking a
specimen and placing it between two pads and then using a hydraulic press, apply pressure to the
sample. When the specimen fails, the hydraulic press shows the highest pressure the concrete could
withstand before failure. This value can then be used with Equation 9 to calculate the compressive
strength of the concrete at that time.17 The process is repeated with the second specimen. If the
pressure between the first and second cylinder is different by 14%, or more, of the average, then a
third specimen needs to be tested.17
Equation 9: 𝒇𝒄𝒎 =

𝟒𝑷𝒎𝒂𝒙
𝝅𝑫𝟐

4.2.2 STRENGTH-TENSILE
To test the tensile strength, ASTM C496/C496M was followed. Per the standard, 6inx12in
specimens are created for tensile strength testing. The specimens are unmolded at twenty-four hours
and then placed in a water bath of room temperature or slightly warmer, the water temperature
should be selected based on the curing desired, but should always be recorded and kept consistent.
At different time intervals, specimens can be removed to be tested. For this experiment, the tensile
strength was only used on the specimens that were used in the rapid chloride penetration testing. To
test the specimens, they are laid on their sides, on a curved wooden plank to keep the specimens
from rolling or shifting during the testing, and then placed in a hydraulic press. To create a tensile
splitting strength testing a steel bar should be placed between the hydraulic press and the top of the
concrete specimen to concentrate the load. The pressure will then gradually add pressure until the
concrete fails, failure should produce a nearly straight line down the center of the concrete
specimen, creating two halves. The failure pressure is then used with Equation 10 to calculate the
tensile strength.18 Complete this process at least two times for each type of concrete, with the need
for a third if the first two have pressures differing by more than 14% of the average.
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Figure 12: Set-up and predicted failure path of a specimen undergoing tensile-strength testing.36

Equation 10: T=

𝟐𝑷
𝝅𝒍𝒅

Where:
T = splitting tensile strength, MPa [psi],
P = maximum applied load indicated by the testing machine, N [lbf],
l = length = 300 mm,
d = diameter = 150mm.
4.3 PERMEABILITY AND DURABILITY
4.3.1 PONDING
Two specimens for each concrete mix design were cast in 4inx8in cylinders. The molds are
removed after twenty-four hours, and then the specimens are placed in a water bath, at 72°F, to cure
for a minimum of 54 days. When the specimens are ready to be used, they are removed from the
water bath and allowed to dry for twenty-four hours. After drying the outside of the specimens
should be coated in a thick concrete epoxy, being careful to leave the top and bottom surfaces free
from coating. Once the first coat is dry a second and third coat is applied to ensure a sealed outer
surface. The specimens then have 4 in plastic cuffs added to the top of each cylinder. Before placing
the cuff on to the cylinder, the inside of the cuff is painted with the same epoxy and then
immediately slid on to the cylinder, to allow it to seal to the sample. Once the epoxy dries, each
sample has hot glue added to the inside border and waterproof cocking added to the outside border.
These measures were done to ensure minimal leaking.
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:
Figure 13(a): Ponding sample with dike, uncovered
Figure 13(b): Ponding sample with dike, covered.

As stated in ASTM C1543 − 10a, a water mixture of 3% NaCl by mass is added to the cuff
of each cylinder with a minimum depth of 15±5mm. Each cylinder is then covered with a clear
plastic wrap and sealed with tape to keep water from evaporating. If the height of the solution in the
cuff drops, add more mixture to each cylinder to keep a consistent depth. At sixty days, the cuffs are
emptied and refilled with fresh mixture. This process continues for ninety days, after which the cuffs
are emptied and removed. The cylinders are then left to dry for forty-eight hours.
When the samples are ready to be tested, a core is drilled through the center of each
specimen, following the ASTM C42/C42M. At different intervals of 5mm, the core is tested for
chloride concentration by being ground and then tested with a titration process. The chloride
content will be determined by the core and the background content ASTM C1152/C1152M. The
chloride content should be determined until a depth of 65mm is reached or until there are two
consecutive samples that show no difference in chloride content. This data can then be graphed to
show the penetration of chloride into each cylinder.
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4.3.1.1 CHLORIDE TESTING OF PONDING SAMPLES
4.3.1.1.1 ASTM
Once samples have been collected from the ponding specimens, they must go through a
process of testing to determine the total chloride concentration. The following procedure will be
conducted for all the samples, except for the slag samples. Slag specimens will need to be pretreated
with hydrogen peroxide, to neutralize the chloride found in the sulfur of the aggregate as well as the
slag powder. To start, a sample will need to be sieved through a No. 20 (850-μ) and then blended by
conning the sample from one piece of glazed or waxed paper to the next and back ten times,
following the ASTM C702/C702M. Weigh out 10.00 grams of the sample and place into a beaker
with 75mL of reagent grade water. Once the mixture is stirred, slowly add 25 mL of diluted nitric
acid. This mixture should be thoroughly mixed to ensure no lumps, and then add three drops of
methyl orange indicator. The beaker should then be covered with a water glass and then be left to sit
for 1-2 minutes. If the mixture is not a pink color, then add more nitric acid, drop by drop, until the
mixture is a pink or reddish color, and then add ten additional drops.
Once the base mixture is completed, the beaker should be heated to a rapped boil, and then
immediately removed from the heat. The sample will then be filtered through a 9-cm coarsetextured filter paper into a Buchner funnel and filtration flask using suction, and then allow the
sample to cool. Be sure that the sample has a total volume under 175mL. Two mL of 0.05 N NaCl
solution should then be piped into the sample beaker and then add a TFE-fluorocarbon coated stir
bar, to be used with a magnetic stirring plate. Electrodes should be submerged into the beaker, and
begin titrating the specimen. Record the amount of 0.05 N silver nitrate solution that is used to give
a readout of -60.0mV of the equivalence point of the background water. Continue to titrate at
0.20mL increments until the equivalence point is reached, and then three more readings after that.
After the final readings are recorded the chloride percent by mass of concrete can be
calculated. Start by subtracting the equivalence point of the background water, from that of the total
solution. Equation 11 shows the calculation presented in ASTM C1152/C1152M, for obtaining the
chloride concentration. This result can then be used with the results from each sample to find the
distribution of chloride through each specimen.
Equation 11: C1% = 3.545 [(V1-V2) N]/W

Where:
V1 = milliliters of 0.05 N AgNO3 solution used for sample
titration (equivalence point),
V2 = milliliters of 0.05 N AgNO3 solution used for blank
titration (equivalence point),
N = exact normality of 0.05 N AgNO3 solution,
W = mass of sample, g.
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4.3.1.1.2 ION SELECTIVE ELECTRODE PROBE
Ion selective electrode probes are based on an ion selective electrode theory which converts
a specific ion found in a solution into a voltage. This voltage can then indicate a logarithmic amount
of the chloride concentration. Before the test can start, a reference curve needs to be produced, and
each reference curve is only valid for the day the testing is being done. Run the chloride testing using
the ion selective electrode probe on different solutions with known concentrations. For the samples
used to reference the chloride ponding samples, chloride solutions of 0%, 5%, 10%, 20%, 35%, and
50% mg of CL/L should be conducted. The log10 of these concentrations should then be graphed
versus the mV reading. The graph should have the best fit line calculated and produced.

Figure 14: Reference table used to obtain the formula for calculating the concentration of chloride in concrete
samples.

To start the chloride testing process using the electrode probe concrete samples should be
ground the same as in the ASTM methods. Once the powder is prepared and funneled, 10±0.001
grams should be weighed out. The sample should be added to 100mL of deionized water and then
stirred on a magnetic stirring plate for five minutes. The sample would then be left to leach for five
minutes, Figure 15, or until enough particles have settled so a 50mL sample can be taken. The newly
leached sample can then be used with the ion selective electrode probe, Figure 16. Place the
magnetic bar in the sample and place it on the magnetic stirrer plate, set the stirrer to one and let the
probe run until it states ready on the screen. Be sure that the electrode probe does not touch the side
or bottom of the glass jars or the magnetic stirring bar. Record the reading in milli-volts and
continue to the next sample.
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Figure 15: Sample on the right has just been stirred for the required five minutes and the sample on the left has
been left to leach for five minutes.

Figure 16: The process of determining the chloride level, by using the electro-probe to determine the mV
reading of a sample.

Once the data is collected, use the mV reading in the equation produced in the reference
best-fit line to calculate the log10 of the concentration, Equation 12. The concentration can then be
back-tracked using the inverse log10. The concentration can be graphed against the depth of the
sample to produce a curve showing the distribution of chloride through each sample. If the amount
of concrete sample used varies, this would need to be accounted for in the calculation of the
concentration.
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Equation 12: 𝑪 =

𝟏𝟎𝒇𝑩𝑭𝑬 (𝑽)
𝒎

V = Reading from the electron probe (mV).
fBFE = Function created from the best fit line
m = Original mass of powder used in the testing.
C = The chloride concentration of the sample, per gram of powder.
4.3.2 RCPT
Rapid chloride penetration testing (RCPT) starts by preparing a specimen with a thickness of
50mm±3mm. Starting with a 4x8in cylinder of concrete cut off a two-inch sample from one end of
the cylinder using a wet diamond saw. Then use a polisher to remove any burs or indentations at the
end of the concrete. Use the concrete sealer to paint the sides of the sample, being careful not to
paint on the ends of the sample. Allow for proper curing of the sealer, then apply a second coat of
sealer to ensure all pores and indentations are filled. Once the sealer has dried and is no longer sticky
to the touch, the sample can be placed inside the vacuum chamber.
Once inside of the vacuum chamber, the top and bottom pieces of the bell-chamber are
sealed with the use of Vaseline. Once sealed, ensure that the stock-clock to the water valve is closed
and that the vacuum stopcock is open to the bell. Run the pump until the pressure inside of the bell
reaches a minimum of 50 mm Hg (6650 Pa). Check to make sure that the air stopcock is closed and
then close off the vacuum stopcock to maintain the pressure inside of the bell. Maintain the 50mm
Hg pressure for three hours.
While the cylinder is under vacuum de-aerated water can be prepared. Fill a pot with
demineralized water and bring it to a boil. Allow the water to be boiled for a short time and then
place a lid on the pot while removing the pot from the heat. Once the water is cooled, it is ready for
use in the experiment.
After the three hours of pressure, place the de-aerated water in the water tank of the bell
chamber set-up. Be sure to check that the water stopcock is closed before adding the water. Once
filled, place the cap back on top of the water tank and open the stopcock, allowing the water to fill
the vacuumed bell. If more water is needed, close the water stopcock and fill the water tank again.
Then close the cap while opening the water stopcock. Repeat this until all samples inside of the bell
are entirely covered by the water. Check to make sure the vacuum is still below 50 mm Hg and
maintain this pressure for one hour, by running the pump for the entire hour. After the hour is up,
turn off the pump and open the air stopcock to allow air to re-enter the bell. Leave the samples in
the water for 18±2 hours. After the allotted time remove the sample and blot it dry, then place it in
an airtight container to maintain the moisture level at 95% or higher.
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Take the previously prepared sample and mount it to the voltage cells. Start by applying two
layers of adhesive electric tape to the edge of both sides of the sample. Then apply six to seven
layers of fitting tape, use the best judgment on how much room is between the cylinder and the
voltage cell walls. Take a thin layer of conductive metal, cut to the shape of the interior of the
voltage cell with an extra extended piece bent into a cylinder, to be used with the alligator clamp of
the power supply. This piece of metal should be placed into the cell and then apply a small layer of
adhesive silicon around the edge of the voltage cell. Snuggly fit the sample into one voltage cell and
then apply a construction adhesive silicon to the edge of the sample and the cell. Then apply another
small layer of adhesive into the other cell and place the concrete cylinder into the other cell, being
sure not to lose the seal previously made between the cylinder and the other cell. Finish by applying
a layer of silicon to the edges of the second cell and the cylinder. Once the two sides of the cell are
applied, add either C-clamps to the sides of the cell to ensure a tight seal, or apply screws through
the two cells and tighten firmly using a wrench. Both methods of tightening the cells are pictured
below. Be sure to allow this sealer to dry before starting any tests.

Figure 17: Inside of voltage cell, with conductive mesh in place.
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Figure 18: Voltage Cell fastened with C-clamps.

Figure 19: Voltage Cells attached with bolts.
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To run the test, fill one voltage cell, the one connected to the negative terminal of the power
supply, with 3% NaCl solution and the other side, connected to the positive terminal, with a 0.3 N
NaOH solution. Connect the two ends to the lead wires using the protruding conductive mesh.
Then connect the lead wires to voltage application and the data readout apparatus. Turn on the
power supply to 60±0.1V and allow the machines to warm up for at least fifteen minutes. When the
device is ready, turn on the test power and then start the test. Record the initial current, charge, the
temperatures of the voltage cell and the temperature of the solution. The temperature of all
components must be in the range of 20-25°C, repeat the measurements every 30 minutes for six
hours. If the temperature of the solutions exceeds 90°C, the test must be terminated to keep the
solution from boiling. Once the test has been completed, remove the specimen, rinse the cell with
water and then strip out and discard the outside sealer.

Figure 20: Temperature Change during RCPT.
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Figure 21: Output data from RCPT, machine gives the time the test has been running, current, voltage, and
total charge passed.

The current in amperes should be plotted against the time in seconds. Draw the best fit
curve to the data and use the area under the curve to obtain the charge passed during the test, in
ampere-second. This value is then related to the conductivity of the concrete.
Equation 13: 𝑸 = 𝟗𝟎𝟎 (𝑰𝟎 + 𝟐𝑰𝟑𝟎 + 𝟐𝑰𝟔𝟎 +. . +𝟐𝑰𝟑𝟎𝟎 + 𝟐𝑰𝟑𝟑𝟎 + 𝑰𝟑𝟔𝟎 )

Where:
Q = charge passed (coulombs),
Io = current (amperes) immediately after voltage is applied, and
It = current (amperes) at t min after voltage is applied.
Conductivity correlates with chloride permeability. Samples who have a total charge passed
as less than <2,000 coulombs are considered to have low chloride penetrability or less. This system
shows a correlation of the permeability between different mix designs.
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4.3.3 SILVER NITRATE
To conduct Silver Nitrate testing the samples used in RCPT will have to be split using a
tensile strength testing method. Once the samples are split silver nitrate can be applied to the inside
of the concrete sample. Be careful to make sure that the silver nitrate does not come in contact with
skin, by wearing protective clothing and gloves. The samples can then be observed to see the
distribution of the chloride through the concrete. Measure the depth of the chloride at different
locations across the diameter of the sample. These depths can then be averaged to show which
samples had the most penetration.
4.3.4 BENTZ - MULTI-SCALE MODELING
To conduct permeability testing using Bentz's (2007) virtual model each mix design can be
imported into a table, and the program will produce a result of the permeability of the mix design.
The program requires the amount of water, cement, cementitious admixtures and air content. Based
on the density, air and water-cement ratio of the mix design and an algorithm the total chloride
output can be calculated. These results can be compared to the RCPT testing discussed earlier.
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CHAPTER 5: RESULTS AND DISCUSSION
5.1 PONDING
The ponding was done with a table ionized salt instead of lab grade NaCl. This was done in
error, so all results found should be recreated using the suitable high-grade NaCl required in the
code. Although ionized table salt will produce a higher chloride reading than would be seen with lab
grade NACI, it still should be a uniform increase in all samples. This increase should have little to no
effect on the comparison between different types of concrete mixes, but it should be considered
when compared to results found in other experiments.
Initially, after each ground concrete sample was collected, the entire sample was tested to
find the chloride concentration of the sample. This process produced two main issues, the first
being that the test results could not be reproduced for a sample after the initial test. This was a
problem later when the results should have been replicated, so the process was adjusted. The second
problem was that the samples containing over 20 grams of powder could not settle enough to
produce 50 mL of clear sample to test. This provided data with massive drops and jumps that do
not follow a consistent trend. This is most obvious in the testing done for the first SCC sample
(SCC 1). The results produced for depths 5-25mm do not follow the trend of the expected
exponential curve.

Figure 22: Graph of the chloride concentration of SCC1, vs. the depth of the sample (mm).

These problems were solved by extracting only ten grams of each sample for future tests. As
shown in Figure 23, the samples for the second OPC sample (OPC 2) were tested using a uniform
sample size. The graph created a clear and reasonable distribution of the concentration of chloride
throughout the sample.
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.
Figure 23: Graph of the Chloride concentration per gram of OPC 2 versus depth (mm).

Another issue discovered early on was the large depth size of each sample indicated in the
ASTM C1543 − 10a code. The problem with using such considerable sample depths is that very few
data points are created, because of this an exponential curve is not explicitly or accurately shown.
This is a common concern with the ASTM code and was also shown in the results of Slag sample
one (SLAG 1) when compared to that of the results for Slag sample two (SLAG 2). SlAG2 was
tested at increments of 5mm instead of 10mm collected samples and 5mm of discarded specimens,
which was used in SLAG1, as was suggested in the codes.

Figure 24: Graph of the chloride concentration per gram vs. depth (mm) for sample Slag 1.
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Figure 25: Graph of the concentration of chloride per gram of sample vs. depth of sample (mm).

Figure 26: Test results from the chloride concentrating testing.
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Figure 27: Test Results from the chloride concentration testing.

The results were combined to show a correlation between chloride permeability and type of
concrete. The first graph in Figure 28, shows the raw data collected from the ponding samples. The
data shows no clear indication of a trend due to the outliners discussed earlier. When the best fit line
from each set of data is used for the comparison a more consistent trend starts to form in the data.
However, SCC 1 and SCC 2 tend to show a significant difference in chloride permeability. SCC 1
was removed from the results to remove the jumps and drops, caused by the large sample size. A
trend shows that both Slag and SCC concrete mixtures have lower chloride concentration than OPC
for the entire sample depth, with SCC having the lowest chloride concentration.

Figure 28: Chloride concentration per gram of sample vs. depth(mm) for the raw data.
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Figure 29: Concentration of chloride vs. depth (mm) produced with the best fit line from each previous graph.

Figure 30: The chloride concentration per gram of sample vs. depth (mm), produced from the best fit line of
each sample, with the outliner data removed and the average taken of the remaining samples for each mixture
type.

Slag is composed of sulfur which creates a base chloride in the concrete samples. This
systematic error can create an allusion that it has a higher concentration of chloride in it then what is
caused by ponding. The error can be eliminated by subtracting the base concentration found when
two consecutive samples have the same mV reading. This process was done for all samples so that
the chloride level found in the original concrete is removed from the data. This produces a graph
with a very similar slag and OPC results.
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Figure 31: Graph of the concentration of chloride per gram of sample vs. depth (mm), the data is of the best fit
line, with the outliners and the base chloride level removed.

The best fit lines from each graph can be used to calculate the chloride diffusion coefficient,
to compare to the chloride migration coefficient obtained from the RCPT and silver nitrate testing.
The OPC2, Slag2 and SCC2 graphs were used to calculate the chloride diffusion coefficient.

Equation 14: Calculation of Chloride Diffusion Coefficient42
Where:
m = total amount of chloride
t = duration (seconds)
D = chloride diffusion coefficient (cm2/s)
Cp = curve fitting equation

Chloride Diffusion
Coefficient (cm2/s)
OPC2
SCC2
Slag2

4.78E-08
1.56E-08
3.00E-08

Table 12: Chloride Diffusion Coefficient for Ponding Samples.
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From the ponding results, the integral chloride content can be calculated. This value can
then be compared to the results from the RCPT, total charge passed (Coulombs). To obtain the
chloride integral chloride content value the chloride content (%) is graphed against the depth (mm),
as shown below.44 The average chloride content (%) between each data point is then calculated. The
total sum of those values is the integral chloride content.

Figure 32: Example of the integral chloride content calculation. (McGrath, 1999)

Integral Chloride
Content
OPC 1
OPC 2
Slag 1
Slag 2
SCC 1
SCC 2

0.6384
0.6564
0.3270
0.6260
0.3643
0.2975

Table 13: Chloride Integral chloride content for each specimen.

5.2 RCPT
The RCPT results created a clear indication of a relationship between OPC, slag, and SCC.
The ASTM states that the area under the curve of a current versus time graph can be used to
produce a total passed charge amount. The equipment used in this research calculated and displayed
a total charge passed throughout the experiment. A graph of total charge passed in Coulombs was
also created.
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Figure 33: RCPT test results comparing current (A) against time (min).

Figure 34: The RCPT data of Charge Passed (Coulombs) versus time (min).

Although the cylinders were of similar depths, they were not all the same length. To fix this
issue, a relationship calculation was used to show the current passed through a 51mm sample and
the charge passed for a 51mm sample.
𝒅

Equation 15: 𝑸𝒔 = 𝑸( )𝟐
𝟓𝟏

- 41 -

Where:
Qs = Charge Passed through a 50mm sample (Coulombs)
Q = Charge Passed from RCPT (Coulombs)
d = Depth of cylinder (mm)

Figure 35: Current Passed Through a 51mm sample versus the time for all samples.

Figure 36: RCPT data of Charged Passed of a 51mm sample (Coulombs) versus time (min).

The ASTM C12023 uses Table 14 to correlate the relationship between the total passed
charge from the RCPT testing to the penetrability of concrete.
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Table 14: ASTM C1202 uses the total passed charge to determine the penetrability of the concrete.3

These results indicate that the mix designs for Slag and SCC are considered Very Low
penetrability, and showed that the OPC mix design although not a Very Low Penetrability it is still a
Low penetrability. These designs would all be considered to have an acceptable permeability.
5.3 SILVER NITRATE TESTING
Silver Nitrate Testing is conducted to see the depth at which chloride penetrates during
RCPT testing. Once the RCPT data was collected the samples were split, and a 0.1 M Silver Nitrate
solution was sprayed to the newly exposed interior. The Silver Nitrate reacts with the free chloride
ions to illuminate the depth of Chloride.37 The results from these testing can also be used to calculate
the chloride migration coefficient.

Equation 16: Calculations for the E parameter of the Chloride Migration Coefficient 41

Where:
V = External Electrical Voltage
L = Specimen thickness (0.051 m)

Equation 17: The formula to obtain the alpha parameter41
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Where:
R = is the universal gas constant (8,314 Joule/mol/K)
T = is the average value of absolute temperature in the anode solution (K)
F = is the Faraday constant (96480 coulombs/mol)
C0 = is chloride concentration in the source cell (mol/L)
Cd = is chloride concentration at which the color change (0.07 N mol/L for OPC)
erf-1 = the inverse of error function
z = the ion valence

Equation 18: Calculation for the chloride migration coefficient41

Where:
Xd = depth of penetration (m)
t = time of test (seconds)

Figure 37: OPC1 RCPT samples after Silver Nitrate was applied.
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Figure 38: OPC RCPT samples after Silver Nitrate was applied.

Figure 39: Slag RCPT samples after Silver Nitrate was applied.

Figure 40: SCC RCPT samples after Silver Nitrate was applied.
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OPC
V (Volts)
L (m)
E (Volts/m)
R (Joule/mol/K)
T (K)
F (Coulombs/mol)
z
Co (mol/L)
Cd (N mol/L)
erf^-1
α
xd (m)
t (sec)
Dnssm (m^2/s)

1137.25
288.48

0.01
0.012
1.082E-12

SCC
60.00
0.05
1137.25
8.31
290.40
9.65E+04
1.00
0.51
0.07
1.28
0.01
0
21600.00
0

SLAG

1137.25
286.28

0.01
0
0

Table 15: Chloride Migration Coefficient for each RCPT testing.

The results show that the depth of chloride in OPC had the highest level of penetration
since SCC and Slag had no visible penetration. OPC produced a chloride diffusion value of 1.082E12 for OPC1 and 1.301E-12 for OPC2. These values are essential for predicting the service life of
the samples as well as comparing the samples to the ponding results.
5.4 VIRTUAL PROGRAMS
Bentz’s virtual RCPT program was used to conduct an expected total passed charge value.
The program uses the weights (kg) of the aggregates, cementitious material, and water. The program
also considers the SiO2 content (%), specific gravity, fineness (m2/kg), the air content and the
estimated pore solution conductivity. The estimated pore solution conductivity was found from the
estimated system degree of hydration, the mix design and the K2O percentage in the cement. The
values used in each mix design and their results are listed below.
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Water (kg)
Fine Aggregate (kg)
Course Aggregate (kg)
Cement (kg)
Slag (kg)
Silica Fume (kg)
Estimated system degree of
hydration (%)
Estimated Pore Solution
Conductivity (S/m)
Predicted Total Charge
Passed (Coulombs)
Chloride Ion Penetrability
Estimated Effective Water
to Cement Ratio

OPC
140
844
968.82
335
0
0

Slag
127.554
809.229
1064.931
150.7
150.7
0

SCC
168.491
839.486
871.523
436.058
0
44.4957

69.6

70.5

64.3

11.41

6.53

10

1837

1052

159

Low

Low

Very Low

0.417

0.423

0.386

Table 16: Constant Values used in Virtual Predictions.

The results from the virtual RCPT testing showed that the OPC mixture had a total passed
charge of 1837 (coulombs). When compared to Table 14, the OPC specimens would be considered
to have Low chloride ion penetrability.3 The SCC total passed charge was 159 (coulombs), this value
would have the SCC samples classified as Very Low chloride ion penetrability.3 The slag mix design
showed a predicted total passed charge of 1052 (coulombs), which would rate the specimen as
having Low chloride ion penetrability.3 These results would indicate that the samples with SCC mix
design have the best permeability, followed by Slag and then OPC. It also would suggest that the
replacement of cement with slag and silica fume would benefit the permeability of concrete.
Although this program does account for many aspects of each mix design, it does have a few
flaws. One drawback to this program is that the estimated pore solution conductivity is calculated
from an estimated degree of hydration and the same mix design. This value can drastically influence
the outcome permeability and should be assessed carefully. The other drawback to this program is
that it does not account for the curing temperature or the age of the concrete.
Along with Bentz’s virtual RCPT, testing is Bentz’s virtual service life program which uses an
estimation based on Weyers, 1992 research.47 The NIST programs, Prediction of the Chloride Ion
Diffusivity of a Concrete Based on Mixture Parameters and Prediction of Service Life of Reinforced
Concrete Structure Exposed to Chlorides, is an extension of the RCPT.45,46 The first program uses
the water-cement ratio, the amount of silica fume, the volume fraction of aggregate and the degree
of hydration to predict the chloride ion diffusivity, D.45 This program references three of Bentz
papers, 2000, 1995 and 1998.48,49,50 The parameter D is then used with the factors of the chloride
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profile to predict the service life. For these calculations, the chloride profile values were set constant
and are listed below, along with the D parameter for each mix and its final service life prediction.
External
chloride
concentration

4 lb/yd3

Concrete
chloride conc.
needed at
reinforcement
to start
corrosion

1.2 lb/yd3

Reinforcement
depth

2 in

Standard
deviation in
reinforcement
depth

0.1 in

Chloride
Diffusion
Coefficient
Time until
initiation of
corrosion

OPC

0.0813 in2/yr

SCC
Slag
OPC
SCC
Slag

0.0051 in2/yr
0.0273 in2/yr
16 yr
252 yr
47 yr

Table 17: Service life parameters and results.46

The results from NIST show an unreasonable service life for SCC. To find the reason why
the service life was so high the chloride diffusion coefficient program was run using the
recommended values and then altering each parameter one after another to see how increasing the
silica fume percentage effects the D parameter or the chloride diffusion coefficient. The D
parameter can then be used with NIST to find the service life since the D parameter is directly
related to the service life. Only the variables used to find the changes in the D parameter were
altered and observed.
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Figure 41: The water cement ratio and the silica fume percent was adjusted to observe the service life.

Figure 42: The volume fraction of aggregate and the silica fume replacement was adjusted to observe the
service life.
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Figure 43: Degree of hydration and silica fume replacement were adjusted to observe the service life.

Figure 44: Degree of hydration and silica fume replacement were adjusted to observe the service life.
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Figure 45: Water cement ratio and silica fume replacement were adjusted to observe the service life.

The results from adjusting the parameters indicate that at all water-cement ratios the service
life becomes unreasonable at a high silica fume percentage. The results also suggest that the change
in volume fraction of aggregate had little effect on service life but again at a higher silica fume
replacement the service life was still unreasonable. Finally, when the degree of hydration was
adjusted above 0.8 it became unreasonable at higher silica fume replacement percentages. Due to
these results, it is clear why the SCC mix design produces an illogical service life, because of its
water-cement ratio and its high silica fume replacement.
5.5 PONDING AND RCPT CORRELATIONS
The relationship between the integral chloride content and the charge passed (coulombs) is
not a clear correlation but was fitted in McDonald’s paper with a regression line to try and indicate a
clear linear relationship.43 Y=6E-05x+0.1 represents the regression line. Although the regression line
creates the best fit, it does not suggest that there is a clear correlation between the two. This lack of
an association follows the results found in McGrath’s paper.44
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Relationship Between Ponding and RCPT
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Figure 46: Relationship between integral chloride content and the charge passed (coulombs).

The other relationship, between the ponding and RCPT test results, is a linear correlation
between the chloride diffusion coefficient and the chloride migration coefficient.43 This relationship
is described in Chiang’s 2007 paper.43 The regression line used in Chain’s paper is indicated as
y=3.54x+.46.43 This relationship was only shown for the OPC samples since the SCC and slag
samples did not produce any penetration depth from the silver nitrate testing. Although two data
points are not enough to validate the relationship, it does follow the same trend.

Figure 47: Relationship between Migration coefficient and Diffusion coefficient.43
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5.6 PERMEABILITY’S EFFECT ON DURABILITY, THROUGH SERVICE LIFE
CALCULATIONS
To determine the service life of each concrete mix design the Life-365 program was used.
Life-365 described service life as “the number of years it takes for corrosion of steel to be initiated”
plus “the period between initial corrosion to when the concrete needs repair”.32 The Life-365
program uses the Life-365 method discussed earlier in this paper to replicate the D(t) function and
then generates not only a service life considering the changing penetrability of the concrete but also
gives a more regionalized chloride profile. For these testing Charleston, West Virginia was selected
as the location, and an urban highway bridges’ reinforced slab was considered the sample. A twoinch cover was chosen as the depth of the reinforcement, and this assumption was made from
standards used in the field.

Table 18: Chloride Exposure Prediction for an Urban Bridge in Charleston West Virginia 32
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Figure 48: Service Life Estimations, using the Life-365 Program32

OPC
SCC
Slag

D (in2 /sec)
1.3012E-08
2.1155E-09
1.3751E-08

D (in2/yr)
0.410346
0.066714
0.433652

Table 19: Chloride Diffusion coefficient predictions.32

Based on the results from the Life-365 program it shows that both a 50% slag replacement
and a 9% silica fume addition will increase the service life of the concrete. The increase was over
double the service life of an OPC concrete slab. The increase in service life shows that the SCC and
slag mix designs have more durability than the OPC counterpart.
Although this model is very well designed and does consider a changing chloride profile, it
doesn’t consider a vastly changing mix design. The program asks for an input value of the
cementation materials and the water-cement ratio of each mix design. Although this does allow for
the substitution of slag and silica fume to be modeled, it does not account for the different
admixtures, the air content, or the varying aggregate size which could affect the overall service life
and thus durability of the concrete. The program produces the chloride diffusion coefficient, which
is dramatically higher than the predictions from the NIST program.44 This difference could explain
why the two service life predictions do not match.
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5.7 DISCUSSIONS
Although previous research may have created reliable predictions of the permeability of
these mixtures, it is still important to conduct the tests to be confident that the new class-M
concrete performs as predicted. To better understand the relationship between tests a collection of
chloride diffusion coefficients obtained in this study is shown in Table 20. To compare the RCPT
test results the linear relationship between the chloride diffusion coefficient and the chloride
migration coefficient was used to obtain a D value for OPC. Again, the D value could not be
obtained for SCC and slag from the RCPT results because the chloride migration coefficient could
not be determined from silver nitrate test results.

OPC
SCC
Slag

Life-360
0.410346432
0.066714408
0.433651536

D (in^2/yr)
NIST
Ponding
0.0813
0.2336507
0.0051
0.0762542
0.0273
0.146643

*RCPT
0.1591
-

Table 20: Chloride diffusion coefficient comparison. *The values for RCPT came from the correlation between
chloride migration coefficient and chloride diffusion coefficient.

The service life was also compared between the NIST program and the Life-360 software.
The results indicate that OPC has a service life in the range of 16-22 years. Slag has a service life
range between 47-48.5 years, and SCC has a range of 60-252 years.
OPC
SCC
Slag

NIST (years)
16
252
47

Life-360 (years)
22.1
59.3
48.5

Table 21: Comparison of service life results from both programs.
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS
6.1 CONCLUSIONS

The permeability of concrete was tested for OPC, SCC, and slag using multiple methods.
The results from ponding, virtual RCPT, and Life-365 showed that the SCC had the lowest
permeability and OPC had the highest permeability. However, the results from RCPT showed that
the slag had the lowest permeability and OPC had the highest permeability. Virtual RCPT and
experimental RCPT indicate that both SCC and slag are in the very low permeability zone and that
OPC is in the low permeability zone. All four tests show that the alternative versions of concrete
performed better than the OPC for permeability.
The service life indicates that OPC has a service life in the range of 16-22 years. Slag has a
service life range between 47-48.5 years, and SCC has a range of 60-252 years. The results show that
OPC has the lowest service life range when looking at chloride permeability. Although the results
for the NIST service life is unreasonably high for SCC, both programs indicate that SCC produces
the largest service life.
6.2 RECONMENDATIONS

There are additional factors that could account for the lack of correlations. For results to be
conclusive, the tests should be redone with a few elements changed. Firstly, ponding should be
repeated with lab grade NaCl. Secondly, ponding samples should be suspended during the ponding
time frame, and ponding samples should all be tested with 10 grams of powdered samples.
The RCPT testing should be redone when the temperature outside is warmer to allow the
labs to be within the appropriate temperature range during the experiment. With the temperature
inside of the proper range, it will enable the change in temperature to be more accurately recorded,
which is essential in the RCPT testing. The assumptions made in the virtual RCPT testing should
also be reexamined, by obtaining the chemical composition of both the slag and silica fume, so that
the values can be as accurate as possible.
To continue the research the next step would be to redo the already completed testing’s, to
verify the findings, and to test the fly ash mix design. Another way to advance this research would
be to test the ponding samples with not only the probe but also with a chemical titration process to
verify that the probe method is as effective as the ASTM standards. These results could then be
definitively accepted or denied.
To better determine the service life of each mix design the freeze-thaw durability should be
tested. In past testing, the freeze-thaw durability showed that the SCC mix design had low durability.
These tests should be used to determine the overall service life. Unfortunately, the equipment was
broken during this research, so the freeze-thaw tests could not be completed.
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